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Abstract

Background: With climate change, temperatures are increasing. Heat-associated health events
disproportionately affect certain subpopulations. However, prior research has often lacked
information on individual-level health and air conditioning and neighborhood stressors/
protections.

Objectives: To assess whether 1) heat (2-day mean temperature above local 75M percentiles) is
associated with increased heart rate and decreased blood pressure, controlling for age, time,
season, daily ozone, and daily particulate matter (PM 5), and 2) associations differ by anti-
hypertensive-medication use, renal function, fasting glucose, emotional support, air conditioning
ownership and use, normalized difference vegetation index, neighborhood safety, and residence-
specific oxides of nitrogen and PM s.

Methods: Health and behavioral characteristics were obtained repeatedly on participants of the
Multi-Ethnic Study of Atherosclerosis in six U.S. sites (2000-2010). These were linked with
airport temperature, air quality, and satellite- and survey-derived neighborhood characteristics. We
used a fixed-effects design, regressing health outcomes on linear temperature splines with knots at
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the 75t percentiles, interaction terms for each characteristic, and adjustment for month-of-year,
age, PM5 5, and ozone.

Results: Overall, heat was not associated with heart rate. However, for a 2 degree-Celsius
increase in heat, systolic blood pressure (SBP) decreased by 1.1 mmHg (95% ClI: -1.6, —-0.6) and
diastolic by 0.3 mmHg (95% ClI: —0.6, —0.1). Among non-users of anti-hypertensive medications,
heat-associated decreases in SBP were 2.1 mmHg greater among individuals with central air
conditioning vs. without. Confidence intervals around the remaining modifiers were wide after
multiple-comparisons corrections or sensitivity analyses.

Conclusions: Outdoor heat is associated with decreasing blood pressure, and cardiovascular
vulnerability may vary primarily by ownership of central air conditioning.
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INTRODUCTION

Heat is associated with increased cardiovascular and respiratory mortality, respiratory and
renal hospital admissions, emergency department visits, and ambulance calls!. Although
most research on heat and health has focused on these severe health events, heat exposure
likely results in measurable physiologic effects that precede severe events.

In small experiments with healthy volunteers subjected to heat stress, subtle cardiac
responses to heat stress have been observed, including changes in heart rate and blood
pressure?. These hemodynamic changes with temperature have also been seen in larger
observational studies®. Reductions in blood pressure at rest and increases in heart rate are
primarily normal cardiac responses that promote cooling by increasing blood flow to the
skin. However, especially in individuals with underlying medical conditions, these responses
could lead to adverse health effects. For example, individuals taking antihypertensive
medications have increased rates of syncope in hot, dry summer months, likely due to low
systemic blood pressure?.

Several factors may increase vulnerability to the adverse health effects of heat. In studies of
heat and heat waves, odds of mortality or heat stroke were increased among individuals who
were unmarried, were living alone, or had little social contact®. Furthermore, persons with
pre-existing cardiovascular, respiratory, or renal health conditions or diabetes are at
increased risk of severe health events in response to heat exposures®. Other factors that
modify the adverse effects of heat include use of certain medications and lack of air
conditioning®. Lack of air conditioning may be a particularly strong risk factor for heat-
associated mortality and morbidity, and the association between high temperature and
mortality or hospitalization is reduced or absent in communities with high air conditioning
prevalence®~’. To our knowledge, few large population-based studies have investigated how
individual characteristics modify associations of heat exposure with early hemodynamic
changes, and none of these studies have examined effect modification by air conditioning
status8-14,
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In addition to individual-level characteristics, certain neighborhood characteristics have also
been identified as changing vulnerability to summer heat. Vegetation likely reduces
vulnerability by moderating temperatures in the surrounding area, and neighborhoods with
more paved surfaces or higher satellite-derived surface temperatures experience more heat-
related mortality and heat distress emergency calls®. Low levels of neighborhood safety
might increase heat vulnerability, possibly by discouraging individuals from opening
windows or traveling to cooler places!®. Additionally, exposure to air pollution, including
particulate matter, may increase heat vulnerabilityl6-21, Mechanisms for these synergistic
effects between air pollution and temperature are unclear but may involve pulmonary,
cardiovascular, inflammatory, and autonomic changes related to air pollution exposure?2,

In a changing climate with increasing extreme heat events23, it is important to understand
the mechanisms by which heat affects health and who is most vulnerable to heat. This
knowledge will allow better targeting of assistance during extreme heat and may also
suggest interventions (such as modifications of the built environment), which could help
individuals and communities adapt to climate change.

We used unique longitudinal data from the Multi-Ethic Study of Atherosclerosis (MESA) to
confirm the associations of heat with three markers of cardiovascular health in this cohort
and then to examine factors that may modify these relationships. We hypothesized that: 1)
Higher mean temperature on the day of and the day before the clinical exam would be
associated with increases in heart rate and decreases in systolic (SBP) and diastolic blood
pressure (DBP), controlling for age, season, and daily air pollution exposure; 2)
Associations between temperature and heart rate, SBP and DBP would be stronger among
individuals not using anti-hypertensive medications compared to individuals on medication
(given the potential for certain anti-hypertensive medications to suppress thermoregulatory
responses); and 3) Among individuals not using anti-hypertensive medications, associations
between temperature and heart rate, SBP and DBP would be stronger in persons with lower
renal function, impaired fasting glucose, lower social support, lower air conditioning use,
lack of central air conditioning, higher PM> 5 exposure and higher NO, exposure and in
areas with less vegetation and safety.

METHODS

Health Outcomes Data

MESA enrolled 6814 white, African-American, Hispanic and Chinese participants aged 45—
84 years who were free of cardiovascular disease between 2000 and 2002 (baseline exam).
Individuals were enrolled from six sites: Forsyth County (Winston-Salem), North Carolina;
New York, New York; Baltimore, Maryland; Minneapolis—St. Paul, Minnesota; Chicago,
Illinois and Los Angeles, California. Individuals completed questionnaires and underwent a
total of five physical exams in clinics from 2000-2010. Additional details are provided
elsewhere?4, Secondary analyses of these data were approved by the University of Michigan
Institutional Review Board.

Study outcomes included heart rate, SBP and DBP, each measured at five exams. For each
exam, heart rate and brachial SBP and DBP were taken in the seated position after a 5-
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minute rest using a Dinamap automated oscillometric sphygmomanometer. The available
measures for heart rate (one at the baseline exam and three each at exams 2-5) and blood
pressures (three per exam) were averaged within each exam.

Exposure Data

The main exposure of interest was the mean temperature of the day before and the day of the
MESA exam. Temperature data were obtained from the National Climatic Data Center for
eight community stations, which were usually at airports, and assigned to each participant
based on proximity and date of exam.

Key time-varying confounders included ozone, PM; 5, age and long-term time trends. Daily
PM, 5 and ozone levels were obtained from the EPA Air Quality System from a single long-
running monitor for each site. The 2-day mean of daily ozone and PM,, 5 were calculated to
match the temperature averages. We replaced ozone values missing in months when ozone
was not monitored with site-specific minima for Winston—-Salem, NC (November-March, all
exams), Baltimore, MD (November-March, exams 2—-3) and Minneapolis-St. Paul, MN
(October-March, exams 1-2).

Individual-level variables investigated as effect modifiers included exam-specific estimated
glomerular filtration rate (eGFR, a measure of renal function estimated from creatinine),
blood pressure medication use (yes/no), impaired fasting glucose status (=6.1 mmol/L, <6.1
mmol/L) as an indicator of diabetes or pre-diabetes, body mass index (BMI), defined as
kg/m? measured at each exam, and tertiles of self-reported total weekly moderate and
vigorous physical activity. Participants’ air conditioner ownership (central or other) and its
typical use in July were surveyed via technician-administered questionnaire from exams 3—
5. We derived emotional social support using an index that ranged from 6-30 and consisted
of six 5-point Likert-scored items from a questionnaire2®. Individual air quality measures
investigated as effect modifiers were levels of oxides of nitrogen (NO,) and particulate
matter less than 2.5 um in diameter (PM 5) within the previous 2 weeks, which were
modeled at the participants’ residence for each exam26. Note that the air pollution measures
investigated as long-term effect modifiers, NOy and PM> 5, were specific to residential
addresses but summarized over two weeks, whereas the air pollution measures included as
potential confounders of short-term two-day temperature, i.e., ozone and PM, 5, were
averaged over two days and were from a single monitor for each site.

Neighborhood characteristics investigated as effect modifiers included vegetation, defined as
median normalized difference vegetation index at 250m buffers around the home address,
calculated from a series of 16-day composite satellite images from the year 2006.
Neighborhood safety was measured using a safety scale, comprised of three items, each
reported on a Likert-scale ranging from one (strongly agree) to five (strongly disagree).
These three items were administered to MESA participants and a separate sample of
community members. Reponses were aggregated using empirical Bayes estimation to obtain
estimates at each exam for each tract, conditional on MESA site, gender, age and survey
sample. Internal consistency and additional details have been described previously2:28,
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Statistical Methods

We used fixed effects models for cohort studies with repeated measures to estimate
associations of temperature with our three outcomes2. In these models, commonly used in
the field of economics, associations are estimated using only within-individual variability in
the exposure and outcomes. This removes within-person correlation due to person-level
responses and non-time-varying confounding by using fixed effects, or dummy variables, for
each participant as opposed to random effects, which are assumed to be uncorrelated with
the observed explanatory variables. Although main effects of time-invariant factors cannot
be investigated, their interactions with temperature can be included, allowing investigation
of effect modification.

No standard definition for “warm temperatures” or “extreme heat” exists. We modeled
temperature exposure as a piecewise linear spline of 2-day mean temperature in degrees
Celsius preceding each exam, with a single knot at the site-specific 75 percentile of daily
mean temperature from 1981-2010. In exploratory analyses of the associations between
temperature and each health effect in each city using natural cubic splines, the 75th
percentile of temperature was identified as a reasonable knot choice. As has been used in
similar study designs39-31, sine and cosine terms for month-of-year, and interactions between
these terms and site indicator variables, were included. This controls for intra-annual
seasonal effects, given that certain cardiovascular measures, such as blood pressure, vary
seasonally. The following sensitivity analyses were performed: 1) The sine and cosine terms
were replaced with bimonthly indicator variables. 2) We used June-September data only,
with monthly indicator variables. 3) We included an interaction between baseline age and
time. 4) We included quadratic terms for baseline age and year and a cubic term for year to
account for potential confounding by nonlinear age and time trends. 5) The knot for the
temperature spline was set at the 90t percentile of daily mean temperature, a commonly
used threshold for more extreme heat®32-36, However, too few participants had exams on
extreme-heat days for effect modification analyses at this threshold. 6) We excluded the 25%
of individuals for whom we were missing information on at least one of the potential effect
modifiers. 7) Finally, given that power plant emissions increase on hot days3’, ozone and
particulate matter may mediate the temperature-health association38:39, Therefore, to
measure the total effect of temperature on each outcome, we excluded these pollutants from
the model.

Given the possibility that hypertension medications could affect response to temperature, a
priori, all analyses were stratified by hypertension medication use within two weeks prior to
the visit. Other potential effect modification was studied using interaction terms between the
modifier of interest and the piecewise spline of the main effect. The time-varying effect
modifiers, such as eGFR, were averaged over the follow-up period using available
measurements to derive an estimate of the mean level. The means were then interacted with
time-varying temperature, thereby estimating whether the associations of within-person
deviations in temperature with within-person deviations in outcomes were modified by the
person’s average covariate level, e.g. eGFR, over the follow-up period.

Effect modification by one factor (e.g. neighborhood factors) may be confounded by other
correlated effect modifiers (e.g. air conditioning use) through complex causal pathways, so
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the model-specific covariate sets were selected a priori. In examining effect modification by
eGFR, we adjusted for impaired fasting glucose on the effect modification scale. Likewise,
for impaired fasting glucose, we adjusted for BMI, BMI2 and physical activity, but eGFR
was considered a mediator and thus excluded. For the remaining covariates, we adjusted for
all other individual and neighborhood potential effect modifiers and physical activity, BMI
and BMI2,

Using heart rate as an example outcome, the final model was of the form:

HR;, = o; + p;sin(MOY,) +p,cos(MOY;) +B3sin(MOY;) X SITE2; + p,cos(MOY;,) X
SITE, + ... + B,,sin(MOY,) X SITE6, + B,,cos(MOY,) x SITE6. + B ;AGE, +
P140Z; + BysPMy + BieTc—gsmic T Pr7Ts7smiic T PrgSTTE2; X T _g5i i + BroSTTE2;
X Togsmic + oo+ BoeSITES X T __g54, 5 + BpySITES; X T g5y, 50 + PogEMI; X T 75, 5
+ BooEML; X Ty g5 i + oo + P3gEMI2 X T g5y, 50 + PgoEMI2 X T g5, 50 + €

Equation 1

For each participant 7and day ¢ HR;; was heart rate and a; was a participant-specific dummy
variable. SITE2;-SITE6; were site-specific dummy variables. MOY i, T<=75th it, T>75th,its
AGE;;, OZj;, and PM;; were the month-of-year (standardized to have a period of 2w and
centered at August), temperature at or below the 75™ percentile for that site, temperature
above the 75t percentile for that site (“warm temperatures™), age (identical to “year” in this
design), 2-day mean ozone and 2-day mean PM, 5 at exam day £ respectively. EM1;-EM12;
were the effect modifiers, each centered on the grand mean and standardized for increases in
the grand interquartile range. Participants without that outcome measured on at least two
occasions were dropped. Instead of conditioning on subject fixed effects, we used a de-
meaning procedure 29, estimating deviations from the within-person means for each
independent and dependent variable at each person-visit. This produced identical results but
was computationally faster.

We examined variance inflation factors and outliers. We removed one participant’s exam for
the heart rate analysis for which the participant had an outlying resting heart rate of 186
bpm.

For the purposes of selecting notable interactions, we estimated a Benjamini-Hochberg
corrected type 1 error rate of 0.0037 at a false-discovery rate of 0.10 to account for multiple
(nine modifiers x three outcomes x two antihypertensive medication use strata) tests of
effect modification. We also considered false-discovery rates of 0.2 and 0.3 for type 1 error
rate of 0.0074 and 0.0222, respectively, as thresholds below which results were suggestive of
effect modification. All analyses were performed in R version 3.0.1.

Of the 6,814 participants at baseline, 6,191 consented to the use of their residential addresses
for neighborhood and/or air quality estimates. Complete data on hypertension status, daily
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air pollution, and temperature and the outcome on at least two exams were available for
6,027 and 6,066 participants for heart rate and blood pressure, respectively. Of these, 4,533
and 4,555, respectively, had complete information on all effect modifiers for inclusion in
effect modification analyses. The number of participants, person-visits (18,471 total), and
person-visits on warm temperature days were similar across sites (Table S1). At most of the
person-visits, the participant had not used anti-hypertensive medications in the previous two
weeks, except in Winston—Salem, NC (eTable 1).

Winston-Salem, NC had the highest 75™ percentile of temperature as well as the highest AC
use and percentage of participants with central AC (91.4%, Table 1). The site with the lowest
percentage of participants with central AC (8.0%) was New York City, NY. July AC use and
two-day mean daily ozone were also highest in Winston-Salem, NC. Los Angeles, CA had
the lowest AC use but the highest two-day mean daily PM 5 level. Mean normalized
difference vegetation index ranged from 108.8 (Los Angeles, CA) to 194.1 (Winston—Salem,
NC) and mean 2-week NOy ranged from 14.7 ppb (Winston-Salem, NC) to 69.6 (New York
City, NY). The outcomes and most of the other personal and neighborhood characteristics
were similar across the sites. Most of the correlations among the within-person means of the
potential effect modifiers were weak, although 2-week NO, was moderately correlated with
normalized difference vegetation index (r = —0.59) and 2-week PM, 5 (r = 0.38). (Table 2).
SBP and DBP were moderately correlated with each other (r = 0.59) but only weakly
correlated with heart rate (r = —=0.04 and 0.13, respectively).

We observed a decrease of 1.1 mmHg (95% confidence interval (Cl): -1.6, —0.6) in SBP and
0.3 mmHg (95% CI: -0.6, —0.1) in DBP for each 2°C increase in warm temperature (Model
1, Table 3). These associations persisted when: including an interaction between baseline
age and time in the model; controlling for season using bimonthly indicators instead of sine
and cosine terms for month-of-year; restricting the model to June-September and using
monthly indicator variables; defining warm temperature at the 90t rather than the 751
percentile threshold; and restricting the analysis to individuals for whom information was
available for all the potential effect modifiers (Models 2-7, Table 3). Additionally, the total
effect of warm temperature on SBP (0.9 mmHg, 95% CI: —1.4, -0.5), as measured in
model 8 which did not include air pollutants, was similar to the effects in model 1, which did
include these terms (Table 3). The heat—SBP associations were slightly stronger among users
of anti-hypertensive medications (-1.2 mmHg per 2°C) vs. non-users (0.5 mmHg per 2°C),
although the confidence intervals were wide. We did not observe an association between
heart rate and warm temperature in any of the models in either category of anti-hypertensive
medication use.

Although the overall association between SBP and warm temperature was slightly stronger
among individuals taking anti-hypertensive medications, we found effect modification of
this association by other factors only among individuals not taking anti-hypertensive
medications (Figure part B). After a multiple-comparisons correction, we observed effect
modification by central air conditioner ownership of the association between SBP and warm
temperature in the direction opposite that hypothesized. Specifically, among individuals with
central air conditioning who were therefore assumed to have less heat exposure, a 2°C
increase in warm temperature was associated with a 1.4 mmHg decrease in SBP (95% CI:
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-2.2,-0.5). Among individuals without central air conditioning, this effect was reversed
(0.8mmHg, 95% CI: -0.2, 1.7), for an interaction effect of central air conditioning
ownership of —2.1 mmHg of SBP (p = 0.0012). Results were similar when season was
modeled as bimonthly indicator variables (eFigure 1). When including an interaction
between baseline age and time (model 3), our effect modification results were virtually
identical (results not shown). When restricting our analysis to individuals whose central air
conditioner ownership status did not change over the course of the study, we also still found
significant effect modification by central air conditioner ownership of the association
between warm temperature and SBP (eFigure 2).

For heart rate, 2-week PM> 5 modified the association between warm temperature and heart
rate among anti-hypertensive medication users in model 1 in the direction hypothesized.
Among these individuals whose home residences were at the 25™ percentile of 2-week
PM, 5 exposure (12.2 pg/m?3), we observed a 0.3 bpm decrease in heart rate (95% CI: 0.9,
0.2) for a 2°C increase in warm temperature. In contrast, among individuals whose home
residences were at the 75™ percentile of 2-week PM 5 exposure (15.8 ug/m3), we observed
a 0.6 bpm increase in heart rate (95% CI: 0.2, 1.1) for a 2°C increase in warm temperature.
However, this result was attenuated after multiple-testing correction; when we modeled
season with bimonthly indicator terms; and when we excluded individuals whose 2-week
PM, 5 exposure varied greatly over the course of the study (eFigures 1 and 2).

Among anti-hypertensive medication non-users, results were suggestive of modification of
the heat-heart rate and heat-blood pressure associations by eGFR and social support.
Individuals with lower eGFR had responses in the direction of increased susceptibility to
heat, as hypothesized. Specifically, these individuals had increased heart rate and decreased
SBP or DBP in some of the models as compared to individuals with better renal function.
For social support, among individuals with worse social support, results were opposite to
those hypothesized. Specifically, among individuals with lower social support, SBP and
DBP decreases with heat were attenuated. However, the eGFR and social support effect
modification results were eliminated after multiple-hypothesis correction.

DISCUSSION

In this six-site U.S. study of associations between heart rate, blood pressure, and
temperature, heart rate was not associated with heat, but our results confirmed findings from
earlier studies that SBP is inversely associated with warm temperature34041, even when
allowing for a potential non-linear association between SBP and temperature. However, our
study was unique in having individual-level air conditioner ownership and use information.
Among people without central air conditioning, one might expect the increased exposure to
higher ambient temperatures on warm days to result in decreased SBP, but we observed the
opposite effect. One explanation may be that for individuals without central air conditioning,
entering an air-conditioned doctor’s office may result in a pronounced decrease in skin
temperature and a transient increase in blood pressure, thereby offsetting the effects of warm
outdoor temperatures. Another explanation is that individuals without central air
conditioning may be better adapted to high temperatures and may therefore have less
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pronounced decreases in blood pressure in response to warm temperatures as compared to
individuals with air conditioning who are typically sheltered from this exposure.

The idea that physiologic adaptation to warm temperatures may differ by central air
conditioner ownership is supported by a small study, which found that individuals generally
exposed to air conditioned as opposed to non-air-conditioned environments had a weaker
capacity for physiologic regulation in an artificial heat shock environment#2. Although the
inverse association between temperature and blood pressure is well documented, some
studies have found that nocturnalblood pressure is actually increased when temperature is
high, due perhaps to poor sleep quality#344. The association between blood pressure and
temperature exposure is complex, and further study of blood pressure responses to heat
across a range of daytime and nighttime in-home temperatures is warranted.

Central air conditioner ownership was the only consistent modifier of the association
between warm temperature and either heart rate, SBP or DBP. Other factors’ effects were
obscured after multiple-hypothesis adjustment or in sensitivity analyses. Results were
suggestive of effect modification by social support, eGFR and PM, s, and previous studies
have suggested increased vulnerability to heat among individuals who are socially isolated,
with renal impairment and on days with higher air pollution levels®16-21 However, we may
lack the power to detect the more subtle effects of these other modifiers, which have been
identified in previous studies as characteristics of vulnerability. For example, for SBP among
nonusers of anti-hypertensive medications, the added effect of the interaction between warm
temperature and social support was -0.77 (-1.42, —0.12) mmHg. The confidence interval
width is inversely proportional to the square root of the degrees of freedom, so with several
strong assumptions (e.g., the effect size and residual sum of squares remain constant with
increasing sample size), we would need a total sample size of approximately 4,200 persons,
or a 65% increase in sample size, to realize this social support effect at the multiple-
hypothesis testing correction type 1 error rate of 0.0037. Nevertheless, our results are
consistent with the idea that central air conditioning largely influences the effects of outdoor
temperature on the cardiovascular system and suggest that lack of central air conditioning is
a more important characteristic of vulnerability than the other characteristics tested.

A major strength of this study is that air conditioner ownership and use information were
available at the individual level. Air conditioner use and ownership were moderately
correlated with other potential characteristics of vulnerability. Studies that do not account for
individual air conditioning exposure likely bias the estimated effects of other characteristics
of vulnerability. This is a challenge for both research and practice, since individual air
conditioner ownership information is usually not available. This finding also suggests that
vulnerability maps, which often weight proxies of central air conditioner ownership, such as
income, equally with other characteristics of vulnerability, such as vegetation, potentially
misrepresent vulnerability to warm temperatures.

Limitations of this study include lack of information at all the visits on exam room
temperature as well as indoor home temperature. However, indoor home temperature may be
correlated with outdoor temperature, and outdoor temperature effects on measurements
taken in a doctor’s office may reflect dehydration due to earlier exposure to higher indoor
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and/or outdoor temperatures. For patient confidentiality reasons, dates of exam were
removed after matching participants to daily temperature and pollutant exposures, so we
were limited to using month-of-year, instead of day-of-year, to control for seasonal effects in
the analysis. Our control of seasonal effects may have additionally been limited by our
simplified sine-cosine parameterization of seasonal effects, although the blood pressure-
temperature associations were similar when seasonal effects were characterized using
alternate methods. For study design and power reasons, we were also limited to assuming a
constant level of each effect modifier across the entire follow-up period within each person
rather than allowing the modifiers to vary within person over time. However, most of the
results were not sensitive to excluding individuals with high within-person variation in the
effect modifier of interest.

This study evaluated associations between short term temperature and cardiovascular
function indicators in a unique, multi-ethnic, U.S. based cohort with detailed individual
clinical information as well as estimates of air pollution exposure and other important
neighborhood characteristics known to mark vulnerability to heat-related health problems.
Associations between warm temperatures and several subclinical indicators of
cardiovascular function lend credence to previous findings linking increased outdoor
temperatures to other cardiovascular morbidity and mortality endpoints. The dominance of
air conditioner ownership as a factor modifying vulnerability to these associations between
heat and blood pressure strongly in the direction opposite to that hypothesized suggests a
complex yet important interaction between outdoor temperature and blood pressure that
warrants further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Changes in heart rate, systolic (SBP) and diastolic blood pressure (DBP) for 2 °C changes in

two-day mean temperature above the 75™ percentile threshold, among individuals with high
(75™ percentile or present: —) or low (25t percentile or absent: - - -) values of each

characteristic, for exams during which individuals were not taking (A-C) or taking (D-F)

anti-hypertensive medications. SBP = systolic blood pressure, DBP = diastolic blood

pressure, PM2.5 = particulate matter less than 2.5 pm, BMI = body mass index, eGFR =
estimated glomerular filtration rate, IFG = impaired fasting glucose, NDVI = normalized
difference vegetation index, NOx = oxides of nitrogen, AC = air conditioning. Interactions

notable for the following type 1 error rates: a: 0.0222, b: 0.0074, c: 0.0037. The terms

interacted with temperature in each model were as follows: eGFR: eGFR, IFG; IFG: IFG,
BMI, BMIZ; all other models: eGFR, IFG, social support, NDVI, 1-Mile Safety, 2-week

NO,, 2-week PM, 5, AC Use, Central AC, Physical activity, BMI, BMIZ2.
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Percentages or means (standard deviations) of outcomes and exposures, across person-visits, overall and by

site.
Los
Winston- New York Baltimore, Minneapolis- Angeles,
Overall Salem, NC City, NY MD St. Paul, MN Chicago,IL  CA
(N=18471) (N=3364) (N=3432) (N=2848 (N=2021) (N=3,897) (N=2907)
Outcomes?
Heart rate (beats per 64.4(10.1)  64.1(10.1)  655(105)  64.0(10.2)  63.8(9.8) 64.9(10.2)  63.6(9.8)
minute)
SBP (mmHg) 123.9(20.4) 128.8(21.0) 123.2(20.1) 124.0(19.2) 121.0(20.3) 121.5(20.0)  123.8(20.9)
DBP (mmHg) 70.0(10.2)  70.9(10.6)  71.1(9.8) 69.8 (9.8) 69.3 (10.2) 69.6 (10.1)  69.1(10.3)
Ambient Exposures?
2-day mean ozone (ppb) 25.4(10.7)  33.6(10.0)  24.9(105)  249(114)  27.7(9.9) 21.8(9.7) 23.6 (8.9)
2-day mean PM, 5 (ng/m?) 14.6 (8.0) 14.2 (6.5) 13.9 (7.4) 15.3(8.2) 9.9 (6.0) 15.7 (7.9) 17.2 (9.5)
Degrees above the 75t
percentile (°C)b 0.7 (1.6) 0.6 (1.4) 0.8 (1.8) 0.6 (1.5) 0.9 (2.0) 0.8 (1.9) 0.4 (1.0)
Degrees above the 90t
percentile (°C) 0.2(0.7) 0.1 (0.5) 0.2 (0.8) 0.1 (0.5) 0.2 (0.7) 0.2(0.7) 0.1 (0.5)
Personal and Neighborhood Exposures
Hypertension medications? 45% 52% 47% 50% 39% 40% 42%
IFG° 32% 31% 35% 33% 30% 26% 36%
central ACS 61% 91% 8% 76% 53% 65% 72%
BMI (kg/mZ)Cd 28.3 (5.4) 29.1 (5.4) 29.0 (5.4) 29.4 (5.3) 29.7 (5.2) 26.5 (4.9) 26.5 (5.0)
eGFR (mL/min/1.73 mz)m 79.0 (16.4)  77.9(16.6)  79.6(16.4)  79.7(16.4)  77.3(16.7) 78.2(15.3)  81.0(17.3)
Social support index % 24.3 (4.5) 24.9 (4.1) 23.9 (4.7) 24.9 (4.2) 24.3 (4.6) 23.4 (4.8) 24.5(3.9)
novi<? 1414 (40.8) 194.1(13.7) 111.6(23.7) 166.1(30.8) 162.6 (14.5) 116.4 (31.4)  108.8 (15.3)
1-mile safetyCdf 3.6 (0.4) 4.0 (0.3) 35(0.3) 3.6 (0.3) 3.6 (0.3) 3.6 (0.4) 3.7(0.2)
d
2-week NO, (ppb)“ 38.7 (22.3) 14.7 (6.0) 69.6 (15.5) 32.4 (11.7) 21.4 (4.9) 35.3(7.7) 53.5 (17.8)
d
2-week PMy 5 (1g/m?)“ 14.2 (2.7) 13.7 (1.3) 14.7 (2.3) 13.6 (1.7) 10.1 (1.2) 14.0 (1.6) 17.7 (2.6)
July AC use®9 3.3(0.9) 3.9 (0.4) 3.4(0.9) 3.5(0.8) 3.0 (0.9) 3.1(0.9) 2.6 (0.9)

SBP = systolic blood pressure, DBP = diastolic blood pressure, PM2 5 = particulate matter less than 2.5 pm, BMI = body mass index, eGFR =
estimated glomerular filtration rate, IFG = impaired fasting glucose, NDVI = normalized difference vegetation index, NOy = oxides of nitrogen,

AC = air conditioning.

a . T L -
See Supplemental Information Table S2 for the distributions of the deviations from the within-person means.

b75th percentiles of temperature: 21.8 °C (New York City LaGuardia), 19.5 °C (New York City Westchester), 22.9 °C (Winston-Salem), 21.9 °C
(Baltimore), 19.5 °C (Minneapolis-St. Paul), 22.2 °C (Los Angeles Riverside), 19.1 °C (Los Angeles Airport) and 20.1 °C (Chicago).

c, i
Based on the within-person means across exams.

dOveraII 25th_75th percentiles of the following characteristics: BMI: 24.6-31.3, EGFR: 68.3-89.1, Social support: 21.7-27.7, NDVI 250m: 105—
177, 1-mile safety: 3.4-3.9, 2-week NOy: 20.9-53, 2-week PM2 5: 12.2-15.8, July AC use: 2.5-4.0.
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6’Range of 6-30, based on six 5-point survey questions, with higher values indicating more support.
fSurvey safety scale: 1 = Strongly disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree.

gJuIy AC use scale: 1 = Not at all, 2 = A few days a month, 3 = More than half, 4 = Almost daily or thermostat.
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Changes (95% confidence intervals) in heart rate, systolic (SBP) and diastolic blood pressure (DBP) for 2 °C
increases in two-day mean temperature above the 75t or 90t percentile threshold, among individuals taking

or not taking anti-hypertensive medications, overall for six models.

Anti-hypertensive medications Heart rate (bopm) SBP (mmHg) DBP (mmHgQ)
Model2 N =6,027 N=6,066 N = 6,066

All 1 0.0 (-0.2,0.3) -1.1(-1.6,-0.6) -0.3(-0.6,-0.1)
2 0.0 (0.2, 0.3) -1.0 (-15,-0.6) -0.3 (0.6, -0.1)
3 0.1(-0.2,0.3) -1.1(-16,-0.6) -0.4 (0.6, -0.2)
4 0.1(-0.2,0.4) -0.9(-15,-04) -0.3(-0.6,0.0)
5 0.2 (0.3, 0.6) -1.4(-2.2,-0.6) -0.5(-0.9, -0.1)
6 -0.1(-0.4, 0.3) -0.9(-1.6,-0.3) -0.3 (0.6, 0.0)
7 0.2(0.0,0.5) -1.0(-1.6,-0.5) -0.3(-0.5,0.0)
8 0.0 (0.2, 0.2) -0.9 (-1.4,-0.5) -0.3 (0.5, -0.1)

No 1 -0.1(-0.4, 0.3) -05(-1.0,0.1)  -0.2(-0.4,0.1)
2 -0.1(-0.4,0.3) -0.4(-1.0,0.1)  -0.2(-0.4,0.1)
3 0.0 (-0.3, 0.3) -0.6 (-1.1,-0.0) -0.2 (0.5, 0.0)
4 0.0 (0.3, 0.4) -04(-1.0,0.2)  -0.2(-0.5,0.1)
5 0.1(-0.4,0.7) -0.1(-1.0,0.8)  0.1(-0.4,0.5)
6 -0.1(-0.5, 0.3) -0.2(-1.0,05)  -0.1(-0.5,0.2)
7 0.1 (-0.3, 0.4) -04(-1.0,02) -0.1(-0.4,0.2)
8 -0.0 (-0.3,0.3) -0.5(-1.0,-0.1) -0.3(-0.5,-0.0)

Yes 1 0.1 (-0.4, 0.5) -1.2(-2.2,-0.3) -0.3(-0.7,0.0)
2 0.1(-0.3, 0.5) -1.3(-2.2,-04) -0.4(-0.8,0.0)
3 0.1(-0.3,0.6) -1.3(-2.2,-0.4) -0.4(-0.8,0.0)
4 0.3(-0.2,0.7) -0.9(-2.0,01) -0.2(-0.7,0.2)
5 0.6 (0.2, 1.4) -2.0(-3.7,-04) -05(-1.2,0.2)
6 -0.0 (0.6, 0.6) -1.2(-25,01) -0.4(-0.9,0.2)
7 0.4 (0.1, 0.9) -1.4(-2.4,-0.3) -0.4(-0.8,0.1)
8 0.1 (-0.3, 0.5) -0.9(-1.7,-0.1) -0.2(-0.6, 0.1)

Results are for an “average” site from models with mean-centered site terms. See Supplemental Information Table S3 for site-specific results for

model 1.

a

Model 1: model in equation 1.

Model 2: Model 1 + baseline_age x time.

Model 3: Model 1 + age2 + year2 + year3.

Model 4: Model 1 with bimonthly indicator variables instead of sine and cosine terms for month-of-year.

Model 5: Model 1, June-September only, with monthly indicator variables. N = 1,608 and N = 1,640 for heart rate and blood pressure,

respectively.

Model 6: Model 1 with warm temperature threshold at goth percentile of site-specific temperature instead of 7s5th percentile.
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Model 7: Model 1 without the 25% of individuals missing at least one effect modifier. N = 4,533 and N = 4,555 for heart rate and blood
pressure, respectively.

Model 8: Model 1 without daily PM10 or ozone.
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